Abstract: Concentrations of Cd, Cu, and Zn were determined in various organs of juvenile yellow perch (Perca flavescens) collected from eight lakes located along a metal concentration gradient. Metal exposure was evaluated on the basis of the free ambient Cd 2+ , Cu 2+ , Zn 2+ , and Ca 2+ concentrations, as estimated from chemical equilibrium simulations using the ambient water chemistry data. Based on regression analyses, lake water Ca 2+ and H + did not significantly influence the steady-state metal concentrations in various body parts of yellow perch. Cadmium concentrations were significantly higher in the gastrointestinal tract than in the gills, suggesting that uptake of this metal from food is more important than uptake from water. Variations in the contribution of each organ to the total Cd and Cu burdens revealed a possible dysfunction in liver excreting capacities in the fish from the most highly contaminated lakes. Additionally, measurements on yellow perch from 0 to 10 years old (N = 81) collected from a single lake suggest that Cd concentrations in some organs increase with fish age, which we interpret to be linked to changes in fish growth rate with age.
Introduction
Metal concentrations in fish have been used extensively as indicators of metal exposure (Ion et al. 1997; Yeardley et al. 1998) . In this regard, yellow perch (Perca flavescens) offer considerable potential as metal biomonitors, since they are widespread in Canada (from New Brunswick to Alberta) and are found in the United States as far south as Florida (Scott and Crossman 1973) . They are also present in a wide variety of habitats, from lakes to small ponds to slow-flowing rivers, in part because they tolerate wide ranges of temperature and pH values as low as 4.8 (Baker and Christensen 1991) . Because this fish species is relatively sedentary (Aalto and Newsome 1990) , its metal concentrations are generally representative of local conditions. However, the yellow perch's potential as a metal biomonitor is hampered by a lack of data on relationships between metal exposure and metal concentrations in feral individuals.
Laboratory studies suggest that metal concentrations in a given fish species depend on many factors, such as the exposure concentration and duration (Hansen et al. 2002) as well as metal speciation and the concentrations of competing ions in exposure media (Playle et al. 1993 ). The preexposure history of metal-exposed fish can also influence their accumulation of metals (Taylor et al. 2000) . In the laboratory, fish are usually exposed to metal in water alone, whereas in the field, food can also be an important exposure route. Furthermore, most laboratory metal exposures are at higher concentrations and for shorter durations than would be the case in nature.
These differences between laboratory and field exposure conditions are especially important for fish because most researchers treat these animals as multicompartment systems, that is, they measure metals in various organs (Berninger and Pennanen 1995; Andrès et al. 2000) . Metal partitioning among organs is likely to change over time in laboratory fish because they are usually exposed to a sudden change in dissolved metal concentrations: metal concentrations will likely be higher at the site of uptake at the beginning of exposure, but this distribution should change as exposure duration increases and the metal enters the fish's circulatory system. This is less likely to be the case in the field where fish are exposed to metals at more stable concentrations in both food and water. Because there are few published measurements of metals in the various organs of wild perch from lakes of various metal concentrations, we do not know the typical distribution patterns in nature.
The underlying hypothesis of this work was that the distribution of a metal among the organs of wild fish varies along metal exposure gradients and that perturbations in the "normal" distribution occur when a toxic threshold is exceeded. The specific objectives of this study on wild yellow perch were to (i) measure the influence of fish age on metal accumulation, (ii) relate metal concentrations in fish to those in lake water, and (iii) identify the most probable target for metal toxicity among five fish organs. To address the first objective, we measured metal concentrations (Cd, Cu, and Zn) in the various body parts of yellow perch ranging in age from 0 to 10 years that we collected from a single lake. To address the next two objectives, we characterized metal exposure in eight lakes located along a Cd, Cu, and Zn gradient and then measured shifts in relative metal concentrations and burdens among five body parts of juvenile yellow perch as metal exposure increased.
Materials and methods

Study area
The eight study lakes (Table 1) are located in the vicinity of Rouyn-Noranda, a city situated about 600 km northwest of Montréal, Québec, Canada. Metal sources in this region include mineralized rock outcrops, mine tailings, abandoned mines, and the Horne copper smelter (in operation since 1927). Two of the sampled lakes receive localized runoff from nearby mine tailings (Lakes Dufault and Osisko) whereas the others are mainly contaminated by atmospheric emissions. Atmospheric emissions from the smelter are presently largely controlled, but prior to 1985, the smelter was an important source of metals (Cd, Cu, Pb, and Zn) and sul-Lake name and location [Cd] (nmol·L phur dioxide to the atmosphere and to lakes downwind from the smelter. Given the physical separation of the sampled lakes, the fish collected from the lakes are considered to be independent observations.
Metal exposure quantification
Water samples were collected in the epilimnion of the eight studied lakes in June 2000 using duplicate in situ diffusion samplers consisting of eight contiguous cells (4 mL) milled into a Plexiglas block and separated from lake water by a polysulfone membrane (0.2-µm nominal pore size; Pall Gelman Sciences, . Samplers were filled with ultrapure water (Milli Q system water, resistivity~17 MΩ·cm -1 ) prior to placement in the lake. The two samplers were suspended 1 m above the bottom and at least 1.5 m under the surface in the epilimnion of each lake. They were retrieved after 3 days and sampled immediately (a sampling period of 3 days had been shown to be sufficient for equilibration of this design of sampler with ambient water; A. Tessier and R. De Vitre, INRS-ETE, 490 de la Couronne, Québec, QC G1K 9A9, Canada, unpublished data). When the diffusion samplers were retrieved, ambient pH and temperature were measured in water collected 0.5 m below the lake surface, above the dialysis samplers, with a portable pH meter (Hannah Instruments, model 9025) .
Three replicate samples (3.5 mL) for the determination of trace metal (Cd, Cu, Zn, Al, and Fe) and major cation (Ca 2+ , Mg 2+ , Na + , and K + ) concentrations were removed from each sampler (two samplers per lake for a total of six samples per lake) using a pipette fitted with an acid-washed tip. These samples were injected into prewashed and preacidified (53 µL of 10% HNO 3 , Fisher Scientific trace metal grade) highdensity polyethylene bottles. Metal and major cation analyses were performed by inductively coupled plasma -atomic emission spectrometry (Varian, Vista AX), except for Cd and Cu, which were measured using a graphite furnace atomic absorption spectrophotometer equipped with a graphite tube atomizer (Perkin-Elmer, Simaa 6000) and an autosampler (Perkin-Elmer, model AS-72). Certified reference water samples (riverine water reference material NIST 1643d, US National Institute of Standards and Technology, Gaithersburg, Maryland) were also analysed for metals during each analytical run; measured trace metal concentrations were consistently within the certified range for each element. Average concentrations were calculated for each sampler resulting in two independent observations for each lake.
Two replicate samples (~1.5 mL) for major anions (SO 4 2-, NO 3 2-, and Cl -) were also removed from each sampler (two samplers per lake for a total of four replicates per lake) with a pipette fitted with a plastic tip. These samples were injected into polyallomer microcentrifuge tubes prewashed with ultrapure water. Anions were measured by ion chromatography (Dionex, DX300). Two replicate samples (1.5 mL) for inorganic C determination were removed from each sampler using a glass syringe and injected through a septum into preevacuated and prewashed glass tubes; the CO 2 analyses were done using a hot wire detector gas chromatograph (Perkin-Elmer, Sigma 300). Two replicate samples (~4 mL) for organic C determinations were removed from each sampler using a pipette fitted with a tip prewashed with potassium persulfate (1 g per 50 mL) and rinsed with ultrapure water (Elgastat Maxima-HPLC water, total organic C <3 ppb). These samples were injected into amber glass bottles that had been sterilized at 400°C for 4 h. Organic C was measured using a total organic C analyser (Schimazu, TOC-5000A). Blanks and appropriate standard reference materials for anion measurements and for inorganic and organic C determinations were analysed in accordance with INRS-ETE quality assurance and quality control procedures. Again, average concentrations were then calculated for each sampler resulting in two measurements for each lake.
Metal speciation at equilibrium was calculated for each sampler (N = 2 for each lake) with the Windermere humic aqueous model (WHAM 6.0.1) (Centre for Hydrology and Ecology 2001). Input data included major cation concentrations, total dissolved metal concentrations (Cd, Cu, Zn, Fe, and Al), total concentrations of potential inorganic ligands (SO 4 , Cl, and CO 3 ), and organic C. Concentrations of fulvic and humic acids required as input data to WHAM were estimated from our measurements of dissolved organic C: as suggested by Tipping (1994), we assumed that (i) humic substances contain 50% C, (ii) the ratio of humic to fulvic acids is 1:9, and (iii) all dissolved organic C is present as humic substances. The original database of complexation constants provided with WHAM 6.0.1 was compared with recommended values in the US National Institute of Standards and Technology database (Martell et al. 2001 ) and modified as necessary.
Fish collection and preservation
For the single-lake study, we initially aimed at sampling about 15 fish from each of five size groups (5-10, 10-40, 40-70, 70-100, and >100 g) in Lake Osisko in June 2000 with a seine net or fishing rods. We ended up collecting more than 15 fish in one size group (40-70 g) and less than 15 in the others. The age of each fish was evaluated independently by two observers from fish otoliths as well as from a section of the longest ray of the dorsal fin. There was an agreement between the observers for 96% of the aged fish. When the two observers disagreed, a third observer independently evaluated the age and the age estimated by two of the three observers was assigned. We then selected among all of the sampled fish a maximum of 15 fish per age. Because some age-classes were overrepresented (e.g., the age-1 and age-6 fish classes), we selected the 15 first sampled fish from the initial sample for these two age-classes for subsequent metal analysis. Lake Osisko was chosen because of its intermediate metal concentrations relative to the other lakes of the study region and because it supported a large yellow perch population. After collection, the fish were kept alive until killed with a blow to the head and dissected into five body parts (liver, kidney, gills, gastrointestinal tract, and carcass) plus gastrointestinal contents.
For the multilake study, 15 juvenile fish (7-10 g) were collected by seining from each of eight lakes (Table 1) in June 2000. Fish were kept alive until they were killed with a blow to the head and then dissected into five body parts: liver, kidney, gills, gastrointestinal tract, and carcass. The age of each fish was evaluated independently by two observers from a section of the longest ray of the dorsal fin. There was an agreement between the observers for 79% of the aged fish (12% of the disagreement came from a single lake, Lake Bousquet). When the two observers disagreed, a third observer independently evaluated the age and the age estimated by two of the three observers was assigned.
For the single-lake and multilake studies, each body part was kept individually in acid-washed plastic containers at -20°C. Also, for both studies, gastrointestinal tracts were emptied using a scalpel to push the gastrointestinal contents (food and mucus) out of the tract. This procedure could lead to underestimates in metal content of the gastrointestinal tract if the mucus that was removed contained measurable quantities of metals.
Tissue metal analyses
Metal concentrations and burdens (metal concentration in body part × body part weight) were determined for Cd, Cu, Zn, and Ca in each body part. Frozen tissues were freezedried and then weighed. Dried tissues were digested with nitric acid (Fisher Scientific trace metal grade,~3 mL of acid per gram dry weight of tissue) in an autoclave at 120-125°C for 3 h. Cooled digestates were then diluted 10:1 with ultrapure water. A certified reference material (lobster hepatopancreas, National Research Council of Canada, NRCC TORT-1) was submitted to the same procedure. Concentrations of Cd, Cu, Zn, and Ca were measured by inductively coupled plasma -atomic emission spectrometry. Blanks indicated negligible contamination (N = 18): Cd < 0.33 µg·L -1 , Cu < 0.6 µg·L -1 , Zn < 1.5 µg·L -1 , and Ca = 0.01 mg·L -1 . The recovery of TORT-1 reference samples (N = 22) was within the certified range for Cd (94 ± 3% (mean ± SD)), within 10% of the certified values for Cu (92 ± 3%) and Zn (90 ± 3%) and within 15% for Ca (85 ± 3%).
Calculations and statistics
Condition factors were calculated as W·L -2.96 × 100, where W is the fish body weight (grams) and L is the fish fork length (centimetres). The value of the exponent (2.96 ± 0.07 (mean ± SE)) was estimated from the nonlinear regression W = aL b (P < 0.001) using the data from fish collected for the single-lake study. Hepatosomatic indices were calculated as the following ratio: liver dry weight (milligrams)/total body wet weight (grams).
Because the condition of homogeneity of variance was not respected for the raw data (Levene's test for homogeneity of variance, df = 7, P < 0.001), fish age differences among lakes (multilake study) were compared using a nonparametric test (Kruskal-Wallis), and a Scheffé test on ranks was used to discriminate among lakes. Similarly, differences in hepatic Cu concentrations among fish from various lakes (multilake study) were tested using a nonparametric test (KruskalWallis). A Tukey honestly significant difference (HSD) test was then performed on ranks to identify those lakes that were different.
To verify the influence of age on metal concentrations in the single-lake study and to investigate the influence of metal exposure on metal concentrations or burdens and on fish condition in the multilake study, we initially examined relationships between variables in bivariate scatterplots. When bivariate plots indicated a possible linear relationship, a simple regression model was tested using the Statistica computer program (StatSoft Inc. 1999) . When bivariate plots appeared nonlinear, nonlinear regression models with leastsquares fitting were tested using the Sigmaplot computer program (SPSS Inc. 2000) ; the explained variances were compared with those obtained from a simple regression model. For each of the significant relationships presented, we verified if the residuals were normally distributed and if some outlier values biased the regression coefficients. Lastly, because of the relatively large number of regression analyses done, the Bonferroni procedure was used to adjust the significance level for the individual regressions. The proportionality between Zn 2+ and Cd 2+ concentrations in the multilake study was tested using simple linear correlation (Pearson r) and no outliers were identified when the scatterplot of the correlation was examined.
To identify differences among hepatosomatic indices of yellow perch from various lakes (multilake study), a oneway analysis of variance (ANOVA) was used (df = 7) followed by a Tukey HSD post hoc test. The normality of the distribution and the homogeneity of the variances of the dependent variable within groups were verified.
Competition modelling
The free-ion activity model (Campbell 1995) and its more recent derivative, the biotic ligand model (Di Toro et al. 2001) , both assume that metal bioaccumulation proceeds via facilitated cation transport across an external membrane, i.e., that the primary interaction of a metal with a living organism involves the binding of the metal to a metal transport site embedded in an epithelial membrane. If this metal transport site is located at an epithelial surface, e.g., the apical or basolateral gill cell membranes, then other aqueous cations could in principle compete with the metal of interest for binding at the transport site (Pagenkopf 1983 ). Using our field data, we tested for the effects of Ca 2+ , H + , and metals on the accumulation of Cd, Cu, and Zn in various body parts of indigenous yellow perch. The model tested has been described in detail by Croteau et al. (1998) and by Pagenkopf (1983) .
According to this model, reaction of negatively charged uptake sites (ϵS n-) with metals (M z+ ) and protons (H + ) can be described by the following equilibrium reactions: 
where F is a proportionality constant, K M 2 is the apparent complexation constant for the reaction of a second metal (M z 2 + ) with the uptake sites, and K a is the apparent acid dissociation constant for the protonated uptake sites.
Cationic competitive interactions were quantified by performing least-squares optimization using the Sigmaplot computer program (SPSS Inc. 2000) . Each cation was tested individually.
Results
Exposure gradient
Metal concentrations in lake water varied markedly among lakes (Table 1 Table 1 ). Metal concentrations in Lakes Dufault and Osisko were much higher than those in the other lakes, likely because they are the only two lakes to receive runoff from mine tailings. H + concentrations also showed marked interlake variability (ratio~130) whereas Ca 2+ (ratio of 10×) and dissolved organic C concentrations (ratio of 4×) were more constant.
Organ distributions of metals and age effects
Single-lake study (Lake Osisko)
The highest Cd concentrations for perch of all ages were measured in the kidney followed by the liver, gastrointestinal tract, gills, and carcass; the same sequence was observed for Zn concentrations, although the difference between the kidney and the other organs was much more marked than for Cd (Fig. 1) . In contrast, Cu concentrations were highest in the liver and declined in the order liver >> kidney > gastrointestinal tract > carcass > gills.
Metal concentrations in some organs showed modest age dependence (Table 2 ). This age effect was most evident for Cd, the concentration of which increased in two organs (kidney and liver) with increasing age (Fig. 1) . In contrast, gill Cd concentrations declined with fish age ( Fig. 1; Table 2 ). Metal concentrations in fish gastrointestinal contents were unrelated to fish age (P > 0.05) (Fig. 2a) , but Cd in the gastrointestinal tract was positively related to Cd in the gastrointestinal contents (r 2 = 0.12, P = 0.004) (Fig. 2b) ; this relationship is still significant (P = 0.01) when the point at the far right hand-side of the graph is removed. The same relationships were also positive and significant for Cu (r 2 = 0.18, P = 0.004) and Zn (r 2 = 0.15, P = 0.002).
Multilake study
Although fish from the same size-class were sampled (7-10 g) in each lake, their ages differed slightly. The average age of the juvenile fish collected for the multilake study was 1 year for fish from Lakes Bousquet, Dasserat, Héva, Ollier, and Osisko and 2 years for those from Lakes Dufault, Opasatica, and Vaudray; however, this age difference was significant only for Lakes Dufault and Vaudray (Kruskal-Wallis, df = 7, P < 0.001, followed by a Scheffé test on ranks, df = 7, P < 0.05). Linear regressions between fish growth rates (length/age) and metal exposure concentrations were tested and no relationships were found (P > 0.05).
Cadmium concentrations
For juvenile fish collected from the eight study lakes, Cd concentrations were consistently highest in the kidney followed by the liver, gastrointestinal tract, gills, and carcass ( Fig. 3) (i. e., the same order as for the single-lake study on Lake Osisko). Ratios of the highest to lowest Cd concentrations among lakes were greater in the liver, kidney, and gills (20× each) than in the gastrointestinal tract and carcass (7-8×). Among all studied body parts, the liver was the organ whose Cd concentrations best reflected lake water concentrations followed by the kidney, gills, and gastrointestinal tract ( Fig. 3; Table 3 ). Cadmium concentrations in the whole body were not related to those in lake water ( Fig. 3; 
Copper and Zn concentrations
Copper concentrations were highest in the liver followed by the kidney, gastrointestinal tract, gills, and carcass (Fig. 4a) . Two organs showed a relationship between exposure to Cu, evaluated as free [Cu 2+ ], and Cu accumulation: the liver (r 2 = 0.96, P < 0.0001) and the gastrointestinal tract (r 2 = 0.81, P < 0.01). Copper concentrations measured in livers of fish from Lakes Bousquet, Osisko, and Dufault were significantly different from the Cu concentrations in livers of fish from reference Lakes Opasatica, Ollier, and Dasserat (Kruskal-Wallis, P < 0.001, followed by Tukey HSD on ranks, P < 0.05) (Fig. 4b) .
Zinc concentrations were 10-fold higher in the kidney (Fig. 4c ) than in any other body part (Fig. 4d) . Perch from lakes Osisko and Dufault had somewhat higher Zn concentrations in most body parts than did fish from other lakes. Although the ambient [Zn 2+ ] gradient was 300-fold between the most and least contaminated lakes (Table 1) , ratios in bioaccumulated Zn were only 1.4-fold for the liver, 2.7-fold for the kidney, and 1.7-fold for the gills. Competition for Zn uptake by Cu 2+ , Ca 2+ , and H + was tested, but no competitive effect was detected in any body part. Competition by Cd 2+ could not be tested because of a strong positive interlake correlation between ambient Cd 2+ and Zn 2+ (see above).
Metal burdens
Cadmium burdens were highest in the carcass followed by the liver (Fig. 5a) . The relative contribution of the carcass to -1 ) of Cd, Cu, and Zn in various body parts. Only curves for significant relationships (P < 0.05) are shown; explained variation (r 2 ) and statistical significance (P) are presented in Table 2 . Each point represents the value for a single fish (N = 81).
the total Cd burden decreased linearly with log[Cd 2+ ] (r 2 = 0.56, P < 0.05) whereas the liver contribution increased linearly with log[Cd 2+ ] (r 2 = 0.71, P < 0.01). Similarly, the relative contribution of the carcass to the total Cu burden decreased linearly with [Cu 2+ ] (r 2 = 0.75, P < 0.01) whereas the liver contribution increased linearly with [Cu 2+ ] (r 2 = 0.87, P < 0.001) (Fig. 5b) . In contrast, the relative contributions of each body part to the total Zn burden were not related to Zn 2+ exposure (P > 0.05). Dry weights of individual body parts were not significantly correlated with log[Cd 2+ ] or [Cu 2+ ] (P > 0.05), except for carcass weight, which was significantly positively related to log[Cd 2+ ] (r = 0.57, P < 0.05). It follows that the observed changes in metal burdens with metal exposure cannot be attributed to changes in the weight of each body part but rather to changes in metal concentrations in the individual organs.
Effects of metals
The condition factor of juvenile yellow perch decreased significantly with increasing liver Cd concentrations (Fig. 6a) . However, if Lake Dufault is removed, this relationship is no longer significant (P = 0.2). The hepatosomatic index of juvenile yellow perch did not decrease significantly with increasing ambient [Cd 2+ ] (P > 0.05), but perch from Lake Osisko had significantly lower liver somatic indices than did fish from all lakes except Dufault (one-way ANOVA, P < 0.0001, followed by Tukey HSD, P < 0.05) (Fig. 6b) .
Discussion
Single-lake study A general perception in the current literature is that Cd concentrations do not increase with increasing body size or age within a fish population (reviewed by Sorensen 1991) . In contrast, our results show that age is a potentially confounding factor when studying Cd bioaccumulation because Cd concentrations in liver and kidney in yellow perch from Lake Osisko increased with fish age. This observation is not without precedent -other investigators have reported that Cd concentrations in the liver and kidney increased with increasing age in various species of fish from metalcontaminated environments, including Arctic char (Salvelinus alpinus) (Köck et al. 1996) and European flounder (Pleuronectes flesus) (Rotchell et al. 2001) .
To explain age-related increases in Cd concentrations, Köck et al. (1996) proposed a model for long-term Cd accumulation in Arctic char living in alpine Austria in a climate comparable with that found in our study area. This model proposes that a net gain in Cd takes place in summer when ingestion and growth rates are important whereas a net loss of Cd occurs in winter. However, the summer gain in Cd exceeds the loss in winter, resulting in a net annual gain in Cd. The significance level was adjusted according to the Bonferroni procedure to take into account the number of regressions done (15 regressions). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ns, P > 0.05. Table 2 . Coefficients of determination (r 2 ) for relationships between fish age and Cd, Cu, and Zn concentrations in various parts of yellow perch from Lake Osisko (N = 81). (Sorensen 1991) .
Dietary preferences and food quality have also been considered as factors to explain age-related increases in Cd concentration, since these variables can affect metal bioaccumulation in wild fish (Sorensen 1991; Andrès et al. 2000) . Indeed, yellow perch change their feeding habits as they grow from zooplanktivory to benthivory to piscivory (Sherwood et al. 2002 Relationships were examined for whole fish and in various body parts of yellow perch from eight lakes. Estimates of the constant K Ca and associated standard errors are also presented. The significance level was adjusted according to the Bonferroni procedure to take into account the number of regressions done (12 regressions). *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ns, P > 0.05. were to increase in the order planktivorous < benthivorous < piscivorous perch, then the observed increasing tissue Cd concentrations with fish age might be explained by the shift in feeding habits that occurs as yellow perch grow. As a test of this hypothesis, we measured metal concentrations in perch gastrointestinal contents. We assumed that metal concentrations in the gastrointestinal contents are predictors of bioaccumulation, given that gastrointestinal metal concentrations were related to metal concentrations in the gastrointestinal contents. However, metal concentrations in fish gastrointestinal contents proved to be independent of fish age, and thus, we discount the idea that shifts in feeding habits were responsible for the increase in Cd concentrations with fish age.
In contrast with the increase in Cd concentrations noted with fish age in perch liver and kidney, gill Cd concentra- 6 . Relationships between Cd and various biomarkers: (a) condition factor in relation to hepatic Cd and (b) liver somatic index in relation to [Cd 2+ ] in lake water. Each point represents the mean ± SD for 15 fish from each lake. OS, Osisko; DU, Dufault; OP, Opasatica; DA, Dasserat; VA, Vaudray. In Fig. 6b , different letters beside a lake or group of lakes indicate a significant difference.
tions were lower in older fish. This trend has not been reported previously, likely because most previous researchers did not measure Cd in the gills. The decrease observed in the present study might be explained by a decrease in gill ventilation rates related to a decrease in fish metabolic rates as fish grow. Ventilation volumetric rate (volume of water flowing past the gills per unit time) is reported to be proportional to metabolic rate and both of these parameters decrease as fish grow (Neely 1979) . A decrease in ventilation rate leads to a reduction of the speed at which water passes over the gill surface, leading in turn to an increase in the thickness of the layer of unmixed water near the surface. However, according to the biotic ligand model, such changes should not alter the metal uptake rate (the limiting step being the transport across membranes and not the transport from the solution to the surface of the gills: Paquin et al. 2002) . A decrease in gill ventilation rate should thus affect accumulated Cd concentrations only if it leads to a decrease in the ventilated surface of the gills.
Relationships between age and Cu or Zn accumulations were weak or nonexistent, a result consistent with the essential nature of these metals. To our knowledge, ours is the first study to measure Cu concentrations in the gastrointestinal tract of indigenous fish, and the dispersion of these data points, for fish of ages >1 (Fig. 1) , should be emphasized. This dispersion could reflect the time passed since the last meal of the fish. Indeed, Cu concentrations in the gastrointestinal tract contents (0.5-120 µmol·g dry weight -1 ) were high relative to Cu concentrations in the gastrointestinal tract itself (0.1-0.6 µmol·g dry weight -1 ). Such high Cu concentrations in the diet could lead to short-term Cu adsorption on the epithelium of the gastrointestinal tract.
Multilake study
Cadmium concentrations
Relative to other indigenous fish in the order Perciformes (Table 4) , yellow perch from Lake Dufault in the RouynNoranda area had the highest Cd concentrations reported in the literature. Laboratory studies on fish other than yellow perch have shown that the distribution of Cd among organs can indicate the route of uptake. In food-exposed fish, Cd concentrations were generally higher in the gut, stomach, and pyloric caeca than in the gills whereas in fish exposed to waterborne metals, Cd concentrations were generally higher in the gills and kidney than in the gastrointestinal tract (Harrison and Klaverkamp 1989; Szebedinszky et al. 2001) . If these patterns hold for indigenous yellow perch, then the observation that Cd levels were 3-8× higher in the gastrointestinal tract than in the gills in our study suggests that uptake of this metal from food is more important than that from water. However, higher Cd concentrations in the gut than in the gills do not always reflect contamination by food and could instead reflect a biliary-faecal excretion of Cd; Kraal et al. (1995) demonstrated a higher Cd concentration in the gut than in the gills in a study on common carp (Cyprinus carpio) exposed only to waterborne Cd.
The gills have been identified as the site of toxic action of Cd in numerous acute laboratory water-only exposures (Cusimano et al. 1986; Di Toro et al. 2001 ); in such cases, gill Cd concentrations have proven to be good predictors of acute Cd toxicity (biotic ligand model approach). However, our results for indigenous yellow perch suggest that the liver and kidney may be important sites for chronic toxicity, since these organs concentrated Cd to the highest levels. Consequently, in seeking relationships between exposure and effects, it seems relevant to model Cd bioaccumulation in all body parts and not only at Cd uptake sites (gills and gastrointestinal tract).
According to our modelling studies, competition between H + and Cd 2+ for biological uptake sites did not have a significant effect on Cd accumulation. Some acute toxicity studies using waterborne exposure have shown that a reduction of pH from 7 to 5 (Cusimano et al. 1986) or from 6 to 5 (Playle et al. 1993) reduced the toxicity of Cd in fish. On the other hand, Schubauer-Berigan et al. (1993) worked between pH values of 8.5 and 6 and observed no effect of pH on Cd toxicity to fathead minnow (Pimephales promelas). The H + concentrations in our lakes (pH 6.1-8.2) were likely too low to confer any protection against Cd uptake.
Similarly, our calculations revealed only a limited effect of waterborne Ca on Cd accumulation in the liver, kidney, and gills of the yellow perch, although the normalization procedure did improve the linearity of the relationships (note that the points corresponding to Lakes Vaudray, Bousquet, and Héva move to the right). It is somewhat surprising that Ca did not have a more important competitive effect, given its environmental gradient (10-fold) and considering the laboratory studies that have reported an influence of Ca on Cd uptake (Playle et al. 1993 ) and toxicity (Hollis et al. 2000) in fish at Ca concentrations or gradients that were in the same range as those observed in the present study. One possible explanation for the limited effect of aqueous Ca on Cd accumulation in juvenile yellow perch might be that Cd uptake occurs largely via the diet. Work to date on metal-metal competition modelling in fish has been performed on data from waterborne metal exposures in the laboratory (Playle et al. 1993; Hollis et al. 2000) whereas Cd in indigenous perch may also be taken up from food. Although water hardness is known to affect metal uptake across the gill epithelium (Playle et al. 1993; Hollis et al. 2000) , it is less obvious how water hardness would affect Cd uptake from the gastrointestinal tract content in freshwater fish. An in vitro study done by Baskin (1999) demonstrated that Ca had no inhibitory effect on Cd transport across intestinal cells, even though some earlier authors had suggested that Cd may be transported by a Na + -Ca 2+ exchanger located in the basolateral membrane of fish enterocytes (Schoenmakers et al. 1992 ).
Copper and zinc concentrations
With increasing ambient Cu 2+ concentrations, a steady increase in bioaccumulated Cu concentrations was observed in the liver and gastrointestinal tract of indigenous yellow perch whereas Cu concentrations were regulated in the other body parts. Copper is essential for many functions in the vertebrate body, and complex homeostatic mechanisms are involved in the regulation of its internal levels (Sorensen 1991) . Following a review of studies done on yellow perch from 18 lakes located in the Sudbury area, Couture and Rajotte (2003) suggested a value of 50 µg Cu·g dry weight -1 (0.8 µmol·g dry weight -1 ) for basal hepatic Cu concentra-tions in yellow perch. The basal levels in yellow perch from our lakes seem slightly lower: as ambient Cu 2+ concentration increases, we begin to see appreciable Cu bioaccumulation in perch collected from Lake Bousquet (0.3 µmol Cu·g dry weight -1 ) and in those collected from Lake Dufault (0.5 µmol Cu·g dry weight -1 ). Our threshold value is thus slightly lower than that suggested by Couture and Rajotte (2003) .
Internal Zn concentrations were regulated in indigenous yellow perch in lakes with ambient Zn 2+ concentrations up to 45 nmol·L -1 ; accumulation above basal levels in the kidney, liver, and gills was observed only in fish from lakes with ambient Zn 2+ concentrations ≥300 nmol·L -1 . In a similar study on indigenous fish in the River Lot (France), Andrès et al. (2000) measured no net Zn accumulation above normal Zn tissue levels at a total dissolved Zn exposure concentration of 700 nmol·L -1 ; uptake above background levels in the kidney and gills was only noted in fish exposed to 1400 nmol dissolved Zn·L -1 . Zinc concentrations in the gastrointestinal tract were normally about the same as those in the gills, except for Lake Dufault for which gill Zn concentrations exceeded those in the gastrointestinal tract. This result suggests that in Lake Dufault, the most important accumulation route of Zn may be via lake water, as was found by Bervoets et al. (2001) for indigenous threespine stickleback (Gasterosteus aculeatus).
Metal burdens
We examined metal distributions among organs along the exposure gradient to determine if they were altered above a certain metal exposure threshold. For Cd, a shift from carcass to liver as the major organ of accumulation occurred between 0.06 and 0.14 nmol ambient Cd 2+ ·L -1 . This shift suggests either that Cd concentrations exceeded the excretory capacity of the liver at this level of exposure or that the liver was storing the excess Cd in detoxified forms such as complexes with metal-binding proteins or as mineral granules. If these detoxification mechanisms were, however, unable to cope with the excess Cd, then it would be free to bind to sensitive sites, such as cytosolic metalloenzymes or mitochondria, with resulting deleterious effects.
A similar trend was observed for Cu. Copper being better regulated than Cd, the change in Cu distribution was small, but it could nevertheless signal the onset of a disturbance in Cu homeostasis in affected lakes (Osisko and Dufault). Because the relative Zn burdens were stable among body parts, the liver must be able to cope with the high concentrations Sjöbeck et al. 1984 Liver 272
a Ratio wet to dry weight used for transformations (empirical ratios from Rouyn-Noranda perch: liver = 4, kidney = 3.4, gills = 4.4, gastrointestinal tract = 2.8, and muscle = 3). of this metal in the most contaminated lakes (Osisko and Dufault).
Effects of metals
The condition factor of native fish reflects their recent growth and energy reserves. The lower condition factors in metal-contaminated fish, especially from Lake Dufault, are likely explained by a direct metabolic impact of the accumulated metals (Levesque et al. 2002) . A change in food web structure cannot explain the lower condition factor because fish sampled in our study weighed <10 g, a size-class recognized as planktivorous in yellow perch from these lakes (Sherwood et al. 2002) , and zooplankton were abundant in all lakes (J.R. Rasmussen, Department of Biological Sciences, University of Lethbridge, Lethbridge, AB T1K 3M4, Canada, unpublished data). A reduced condition factor was also observed in indigenous yellow perch from a Cu-, Ni-, and Cd-contaminated environment (Eastwood and Couture 2002) .
The hepatosomatic index measured in the present study varied between 2.6 and 4.4 but was significantly reduced in only one of the two highly contaminated lakes (Lake Osisko). This index did not respond to metal accumulation in indigenous yellow perch from a Cu-, Ni-, and Cd-contaminated environment (Couture and Rajotte 2003) . We conclude that the hepatosomatic index is not a good marker of metal exposure for indigenous yellow perch.
In conclusion, our measurements of metal concentrations in indigenous yellow perch support the use of the liver, kidney, and gills of this species as target organs that respond to Cd exposure. Additionally, the liver and gastrointestinal tract seem to be appropriate as monitors for Cu exposure whereas none of the body parts appears to be appropriate to evaluate exposure to Zn. We also found that Ca concentrations and lake water pH within the ranges measured in our study lakes did not significantly influence metal concentrations in yellow perch liver, but Ca concentrations did influence the prediction of metal concentrations in the kidney and in the gills. From a practical point of view, the liver seems to be the organ best suited for biomonitoring, since its accumulated metal concentrations most closely reflected Cd and Cu exposure. Additionally, we anticipate that liver could be a good organ to monitor the toxic effects of these metals. Indeed, variations in the contribution of each organ to the total Cd and Cu burdens revealed a possible dysfunction in liver excreting capacities in the highly contaminated lakes. Whether or not the excess Cd and Cu that accumulate in the liver lead to toxicity will depend to a large extent on the form in which the metals are stored in the hepatocytes of fish from the highly contaminated lakes: detoxified or toxic forms.
When using adult fish as biomonitors of metal exposure, one should consider the fact that fish age is potentially a confounding factor. We believe that this age dependence of metal accumulation may be linked to fish growth rate. Since growth rate may be highly variable from one fish population to another because of variable environmental factors, yellow perch from other lakes may well not exhibit the same age dependence of metal accumulation as those from Lake Osisko.
We found that higher Cd concentrations were observed in the gastrointestinal tract than in the gills, and this observation supports the idea of a more important uptake of this metal from food than from water. Predominant Cd uptake from the diet could explain the absence of significant competition from Ca 2+ or H + on Cd uptake in all studied organs. If yellow perch are truly taking up the majority of their Cd from food, then the relationship between aqueous and accumulated metals might be further improved by taking into account differences in prey type and prey Cd concentrations among lakes.
Lastly, condition factors were related to Cd accumulation, but much of the variability in this relationship remained unexplained, probably because of the dependence of this factor on multiple environmental parameters. Consequently, on their own, the potential of condition factors as markers of metal effects appears to be limited.
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